The Cretaceous low pressure/high temperature Ryoke Metamorphic Belt contains abundant Ryoke and San yo Granitoids that intruded to various crustal depths during or after formation of the belt. To clarify the tectono metamorphic history of the belt, it is necessary to evaluate the thermal effects of the intrusion of the different types of granitoids. The geology of Kasado jima Island, SW Japan, consists of metasedimentary rocks, massive biotite granite, and migmatitic biotite tonalite. The granite and tonalite occur in the central and southern areas of the island, respectively. Within the central area, granite intrudes metasedimentary rocks and cuts across bedding parallel schistosity within the metapelites; this indicates that intrusion of the granite postdates Ryoke metamorphism. In contrast, tonalite in the southern area was emplaced parallel to the schistosity. On the basis of the field occurrences and petrographic characteristics of these granitoids, we correlate the biotite tonalite and biotite granite with the Older Ryoke and San yo Granitoids, respectively. Based on the paragenesis of schistosity forming minerals within metapelites, we identify two mineral zones in the island: the biotite and cordierite zones. The biotite zone is characterized by a mineral assemblage of muscovite + biotite ± garnet, and the cordierite zone is characterized by the assemblage muscovite + biotite + K feldspar + cordierite or garnet. On the basis of mineral chemistry, we estimate peak metamorphic conditions for the biotite and cordierite zones to be ~ 470 °C (reference pressure: 200 MPa) and ~ 550 °C at 250 MPa, respectively. In the central part of the island, a contact aureole adjacent to the biotite granite is identified by the occurrence of randomly oriented muscovite and very large dendritic cordierite porphyroblasts. These randomly oriented porphyroblasts may have formed under a high degree of supersaturation associated with the thermal perturbation of the shallow intrusion of the biotite granite into cooler crust. In the southern area, most metamorphic minerals are of similar size, and their long axes are aligned to form a schistosity; this indicates a small degree of thermal perturbation and/or a high strain rate. These observations indicate that the biotite tonalite on Kasado jima Island, as a deep seated granitoid, was related to regional low pressure/high temperature metamorphism.
INTRODUCTION
The Cretaceous Ryoke Metamorphic Belt, SW Japan, consists of abundant granitoids and low pressure (P)/ high temperature (T) metamorphic rocks (e.g., Banno and Nakajima, 1992; Brown, 1998) . The belt is bordered to the south by the Izumi Group and, along the Median Tectonic Line, by the EW trending high P Sambagawa Metamorphic Belt. Within the Ryoke Metamorphic Belt, the exposed surface area of granitoids is much larger than that of metamorphic rocks (e.g., Brown, 1998) . The granitoids are divided into syn metamorphic sheet like gneissose bodies (Older Ryoke Granitoids) and postmetamorphic massive diapiric bodies (Younger Ryoke and San yo Granitoids), based on the intrusion shape and field relationships to host rocks (timing of intrusion relative to Ryoke metamorphism). The thermal effects of intrusion of the different types of granitoids upon host rocks are expected to vary, as the intrusion depths and geometries of the intrusive bodies vary (e.g., De Yoreo et al., 1991) . Intrusion of the Older Ryoke Granitoids at deep crustal levels may have induced regional scale thermal effects recognized as regional metamorphism (e.g., Okudaira et al., 1993 Okudaira et al., , 2001 . In contrast, diapiric intrusion of the Younger Ryoke and San yo Granitoids at shallow depths probably resulted in local scale thermal effects, which are recognized as contact aureoles (e.g., Nureki, 1974) .
The aim of the present study is to identify how the above two types of metamorphism relate to the intrusion of different types of granitoids on Kasado jima Island, SW Japan. We base our discussion of the formation of metamorphic rocks on Kasado jima Island on the geological relationship between granitoids and metamorphic rocks and on the conditions of peak metamorphism estimated from mineral assemblages and the chemistry of minerals within metapelites. In this study, mineral abbreviations are after Kretz (1983) .
GEOLOGICAL OUTLINE
Ryoke metamorphic rocks are well exposed on Kasado jima Island, which is located approximately 25 km west of Yanai City (Higashimoto et al., 1983) . A geological map of Kasado jima Island has been published by Miyashita (1995) , but a petrological study of rocks from the island has yet to be undertaken. Ryoke metamorphic rocks from the Iwakuni Yanai district have long been a major focus of studies of regional metamorphism (e.g., Ikeda, 1991 Ikeda, , 1998 Ikeda, , 2004 Okudaira et al., 1993 Okudaira et al., , 2001 Nakajima, 1994) . These rocks vary in metamorphic grade from greenschist to lower granulite facies (Ikeda, 2002) . The Ryoke metamorphic rocks are divided into four metamorphic zones: biotite zone, cordierite zone, sillimanite zone, and garnet cordierite zone (Okudaira et al., 1993 (Okudaira et al., , 2001 , although other researchers have proposed alternative zonation schemes for the same area (e.g., Higashimoto et al., 1983; Ikeda, 1991 Ikeda, , 1998 Nureki et al., 1992; Nakajima, 1994) . The protolith of the metamorphic rocks is a Jurassic accretionary complex of the Kuga Group, which correlates with the Mino Tamba Belt. Radiolarian fossils within the complex indicate a pre Early Cretaceous stratigraphic age for the protolith (e.g., Takami et al., 1990) . These protoliths were regionally metamorphosed under low P/high T conditions during the mid Cretaceous (Suzuki and Adachi, 1998) . Within the Iwakuni Yanai district, Ryoke and San yo Granitoids have been dated using the CHIME monazite method; the Older Ryoke Granitoids are ~ 95 Ma, whereas the Younger Ryoke Granitoids are 95 89 Ma, and the San yo Granitoids are 89 85 Ma (Suzuki and Adachi, 1998) . Kasado jima Island consists of metamorphic rocks (metapelite, metapsammite, metachert, and crystalline limestone), massive biotite granite, and migmatitic biotite tonalite (Fig. 1) . For the purpose of this study, we divide the island into three areas: northern, central, and southern (Fig. 1d) . In the northern area, metamorphic rocks consist mainly of metapelite and metachert, with lesser crystalline limestone and metapsammite. The metapelite is derived from pelite and pebbly mudstone, and shows a distinct bedding parallel schistosity defined by the alignment of biotite and muscovite (Fig. 2a) . The schistosity strikes N60 90˚E and dips at 40 70˚ to the north, although in some places it dips south by 40 80˚ (Fig. 3a) . Many upright folds are observed within the metapelite and metachert. Lineations are prominent along the hinge lines of microfolds, and are related to the mesoscopic upright folds. The lineations plunge to the E and W at 2 20˚. Poles to schistosity within metapelite form a broad great circle girdle (Fig. 3a) , indicating the development of large scale upright folds with fold axes that trend S84˚W
and plunge 4˚ to the west. Within the central area, massive biotite granite intruded metapelite and cut across bedding parallel schistosity. Field relationships between Fields labeled High Al pelites, Low Al pelites, and granite are from Spear (1993) . Filled squares represent samples from Kasado jima Island (this study), filled triangles represent samples from the Iwakuni Yanai district (Nureki, 1974) , and open triangles represent samples from the Mikawa district (Kutsukake, 1976) .
the biotite granite and metapelite indicate that intrusion of the granite postdated the formation of schistosity within the metapelite. The granite is composed of quartz (28 42 vol%), plagioclase (23 31 vol%), K feldspar (34 37 vol%), biotite (1 3 vol%), and garnet (< 1 vol%). Some biotite grains are partially altered to chlorite, and accessory minerals are zircon, apatite, tourmaline, and ilmenite. Metapelite located close to the granite contains very large (up to 5 mm in length) randomly oriented cordierite porphyroblasts (Fig. 2b) . The porphyroblasts only occur within 500 m north of the granite on 800 m south of the granite. Structural data from metapelites of the central area are similar to those of the northern area (Fig. 3a) . The southern area contains a migmatitic biotite tonalite that has the appearance of a mixture of metapelite and gneissose biotite tonalite (Fig. 2c, d ). The biotite tonalite was emplaced concordantly into metapelite and shows a strong gneissose structure defined by the alignment of biotite flakes. In outcrop, the metapelite and biotite tonalite show stromatic structure (Fig. 2c) . In some outcrops dominated by the biotite tonalite (Fig. 2d) , the tonalite contains xenoliths of mafic rock and metapelite, resulting in agmatitic migmatite structure (cf. Ashworth, 1985) . The biotite tonalite is composed of plagioclase (59 60 vol%), quartz (23 26 vol%), biotite (9 14 vol%), K feldspar (< 3 vol%), garnet (< 2 vol%), and muscovite (< 1 vol%), with accessory minerals of zircon, apatite, tourmaline, and ilmenite. Metapelite is also recognized in the southern area, but not migmatite. The orientations of schistosity and lineations within the metapelite are variable (Fig. 3b) . 
PETROGRAPHY OF METAPELITES

Bulk-rock chemistry
We analyzed five metapelite samples taken from varied localities. The major element composition of metapelites was measured using an X ray fluorescence spectrometer (Rigaku RIX 2100) housed at Osaka City University, Japan. Analytical procedures are based on those of Yamada et al. (1998) . Results of the analysis are listed in Table 1 . The chemical compositions of metapelites are generally similar for all samples. Measured molecular ratios of MgO/(MgO + FeO) and (1/2Al 2 O 3 − 3/2K 2 O)/ (1/2Al 2 O 3 − 3/2K 2 O + MgO + FeO) are 0.41 0.46 and 0.06 0.14, respectively. As shown in Figure 4 , the chemical characteristics of the metapelites are similar to the low Al pelites described by Spear (1993) . The bulk rock chemistry of metapelites from Kasado jima Island is similar to that of metapelites from the Iwakuni Yanai (Nureki, 1974) and Mikawa (Kutsukake, 1976) districts.
Mineral assemblages and mineral zones
To determine metamorphic zonation from mineral assemblages within the metapelites, we identified constituent minerals using an optical microscope. All thin sections were cut normal to schistosity and parallel to lineation. We identified two types of cordierite (cordierite I and II; Fig. 5b, d ) on the basis of grainsize and microstructural features. As described above, metapelites close to the granite contain very large (up to 5 mm in length) randomly oriented cordierite porphyroblasts. These cordierite porphyroblasts form dendritic grains that crosscut schistosity (Figs. 2b and 5d), and are termed cordierite II in this study. In contrast, small grains of cordierite in the southern area are similar in size to other matrix forming minerals (~ 0.2 mm in length), and these are termed cordierite I. The long axes of cordierite I crystals are parallel to the schistosity defined by the alignment of the long axes of biotite and muscovite grains (Fig. 5b) . This indicates that cordierite I crystals grew simultaneously with other minerals that define the schistosity.
Muscovite occurs ubiquitously in metapelites on Kasado jima Island. We also classify muscovite into two types (muscovite I and II) on the basis of the mode of occurrence. Long axes (parallel to the basal plane) of muscovite I grains are aligned to define schistosity, and grainsize is ~ 0.05 mm in the biotite zone and ~ 0.2 mm in the cordierite zone (Fig. 5) . Muscovite II grains are ~ 0.3 mm in length, crosscut schistosity, and mainly occur adjacent to biotite granite.
Two mineral zones are recognized within metamorphic rocks of Kasado jima Island: the biotite and cordierite zones. A zone of contact metamorphism formed adjacent to the biotite granite (Figs. 6 and 7). Both cordierite II and muscovite II occur within the contact aureole. The mineral assemblages of metapelites within the two regional zones and contact aureole are as follows, in addition to quartz and plagioclase:
Biotite zone muscovite I + biotite muscovite I + biotite + garnet Cordierite zone muscovite I + biotite + K feldspar + cordierite I muscovite I + biotite + K feldspar + garnet (muscovite I + biotite + K feldspar + cordierite I + garnet) Contact aureole muscovite I + muscovite II + biotite + cordierite II muscovite I + muscovite II + biotite + K feldspar + cordierite I + cordierite II muscovite I + muscovite II + biotite + K feldspar + garnet + cordierite II.
The mineral assemblage of the cordierite zone displayed in parentheses was found in only two samples. Minor minerals in all samples include graphite, ilmenite, apatite, zircon, and tourmaline. No aluminosilicates were observed. The stability ranges of the constituent minerals from metapelites are summarized in Figure 6 . The biotite zone occurs in the north and central areas, whereas the cordierite zone occurs in the southern area. The boundary between the biotite and cordierite zones is marked by the appearance of cordierite I and K feldspar. Assuming that this boundary is parallel to the general trend of the bedding parallel schistosity, the boundary is oriented approximately E W, with a dip of 45˚ to the north (Fig. 7) . In inland areas, the zone boundary is obscured by a lack of exposure. In both zones, cordierite II and muscovite II occur near biotite granite. This area is therefore identified as a contact aureole (Fig. 7) . Although the grainsize of quartz in each metapelite sample varies significantly, average grainsizes are 11 21 μm in the northern and central areas and 20 37 μm in the southern area.
Mineral chemistry
The chemical compositions of representative minerals were determined using an electron probe microanalyzer (Shimazu, EPMA 8705) housed at Osaka City University, Japan, operating at an accelerating voltage of 15 kV, current of 6 nA, and beam diameter of 5 μm. Data acquisition and reduction were performed following the method of Bence and Albee (1968) . Natural and synthetic oxides and silicate minerals were used for standards. Representative chemical compositions of constituent minerals from the biotite and cordierite zones are listed in Table 2 . As many cordierite I grains are completely altered to pinite (Fig. 5b, d zone, Al concentrations of muscovite I grains are slightly lower than those of muscovite II grains. Figure 8 shows the relationship between (R 2+ + Si) and the Al content of muscovite I grains from the biotite zone, the cordierite zone, and the contact aureole, where R 2+ denotes (Fe + Mg). Almost all the data plot close to the line that corresponds to Tschermak substitution: R 2+ Si Al vi −1 Al iv −1 . The Al content of muscovite I from the biotite zone is 2.60 2.83, whereas the content of grains from the cordierite zone is 2.69 2.92, and 2.74 3.07 within the contact aureole. Within the biotite zone, grains of muscovite I in "contact" samples that contain cordierite II record Al contents that are ~ 0.2 higher than those in "biotite zone" samples that are devoid of cordierite II. The Al content of muscovite I grains in "contact" samples from the cordierite zone that contain cordierite II is similar to that in "cordierite zone" samples that are devoid of cordierite II.
Biotite occurs as a schistosity forming mineral in the biotite and cordierite zones, with average grainsizes (long axis length) of about 0.05 mm in the biotite zone and 0.15 mm in the cordierite zone. The mineral chemistry of biotite is dependent on the mineral assemblage. * Total Fe as FeO. Figure 9a illustrates the relationship between the Ti content and the X Fe [= Fe/(Fe + Mg)] value of biotite from both zones and within the contact aureole. Although the Ti contents of biotite grains within garnet free samples do not vary, in garnet bearing samples biotite grains are compositionally heterogeneous, with the Ti content of biotite grains distant from garnet being higher than those close to garnet (Fig. 9a) . X Fe and Ti values for garnet free samples are slightly lower than those for samples from the contact aureole. Figure 9b Rare garnet grains occur as inclusion free idiomorphic porphyroblasts in both the biotite and cordierite zones, and are up to 1.2 mm in diameter (Fig. 5a, c) . The garnet is rich in almandine and spessartine components, and poor in pyrope and grossular components. Almost all garnets are compositionally zoned. Within the biotite zone, the zoning pattern involves a decrease in spessartine component from core to rim, i.e., the so called normal zoning (Fig. 10a) . Pyrope and grossular components are largely constant throughout the grain. In the cordierite zone, small garnet grains exhibit an increase in spessartine content from core to rim, which is a reverse zoning pattern (Fig. 10b) . In contrast, large garnets contain normal zoning patterns in the core and reverse patterns in the rim (Fig. 10c) . As garnets are rare in the metapelites sampled in this study, we are unable to determine the relationship between garnet grainsize and chemical zoning pat- terns.
Plagioclase occurs as a matrix forming mineral with an average grainsize of 0.03 mm in the biotite zone and 0.1 mm in the cordierite zone. Almost all plagioclase grains in both zones are free of compositional zoning. Within the biotite zone, most plagioclase grains are of albite composition (An 2−7 ), although some are oligoclase (18) (19) (20) . Plagioclase grains in the cordierite zone are of oligoclase composition (22) (23) (24) (25) (26) (27) ). Some plagioclase grains from the cordierite zone are compositionally zoned and comprise oligoclase cores and albite rims. The boundary between oligoclase cores and albite rims is easily identified, whereas the albite rim is rarely identified. K feldspar occurs only in the cordierite zone, and is almost homogeneous in chemical composition within the range Or 87 to Or 95 .
DISCUSSION
Formation of different types of cordierite within metapelite
In the northern and central areas, almost all the metapelites contain a mineral assemblage of muscovite I + biotite (+ plagioclase + quartz), whereas in the southern areas, metapelites contain cordierite I and K feldspar in addition to muscovite I + biotite. As the long axes of cordierite I and K feldspar grains are parallel to the schistosity defined by the alignment of biotite and muscovite I grains, we conclude that cordierite I and K feldspar grew during syn deformation regional scale metamorphism.
Metapelites that contain cordierite I grains always also contain K feldspar; we checked this relationship in metapelite samples by X ray diffraction analysis. These observations indicate the following divariant metamorphic reaction (e.g., Pattison and Tracy, 1991; Spear, 1993; Okudaira, 1996a): biotite + muscovite + quartz = cordierite + K feldspar + H 2 O.
As the bulk composition of metapelite is similar in samples from both mineral zones (Table 1 and Fig. 4) , reaction (1) can be used to define the isograd reaction, i.e., the first appearance of cordierite I and K feldspar defines the start of the cordierite zone. As muscovite I is stable in the cordierite zone, the metamorphic conditions of the cordierite zone did not exceed the upper stability of muscovite defined by the reaction curve for muscovite (phengitic) + quartz = cordierite (or biotite) + aluminosilicate + K feldspar + H 2 O. Large cordierite crystals (cordierite II) occur in metapelites adjacent to the biotite granite within both the biotite and cordierite zones. In the contact aureole within the biotite zone, the mineral assemblage is muscovite I + biotite + cordierite II, without K feldspar. The assemblage muscovite + cordierite + aluminosilicate + biotite + quartz is a common metapelitic assemblage in contact aureoles and low pressure regional terranes, and is produced by the decomposition of chlorite or the divariant reaction: aluminosilicate + biotite + quartz (+ H 2 O) = muscovite + cordierite (e.g., Spear, 1993; 2002). There is no possibility that chlorite or an aluminosilicate was present in the biotite and cordierite zones prior to contact metamorphism. Within the biotite zone, the Si content of biotite from metapelite that contains cordierite II is lower than that from samples without cordierite II (Fig. 9b) . This compositional variation in biotite probably reflects illite substitution. The Si content of biotite in metapelites without K feldspar progressively decreases with increasing metamorphic grade (Wang and Banno, 1987; Ikeda, 1998) . Furthermore, muscovite I grains in metapelite containing cordierite II are enriched in Al and depleted in (R 2+ + Si) relative to metapelite that is devoid of cordierite II (Fig. 8) . This compositional variation probably reflects Tschermak substitution. According to Miyashiro and Shido (1985) , the (R 2+ + Si) content of muscovite decreases steadily with increasing metamorphic grade. Based on our observations and the study of Ikeda (1998) , the formation of cordierite II porphyroblasts in samples devoid of K feldspar resulted from the following dehydration reaction: K, Al poor biotite + phengitic muscovite = K, Al rich biotite + cordierite + quartz + H 2 O. (2) According to Ikeda (1998) , reaction (2) can proceed at lower temperatures than reaction (1). Cordierite II grains may have formed via this reaction because of the intrusion of the biotite granite. The regional metamorphic assemblage muscovite + cordierite + biotite + quartz has not been identified in Kasado jima Island. Further investigation is required to determine why this is the case.
Peak metamorphic P-T conditions of the biotite and cordierite zones
We estimated peak metamorphic P T conditions for metapelites from the biotite and cordierite zones using conventional geothermobarometers: quartz muscovite biotite garnet plagioclase (Hoish, 1990) , garnet biotite (Ferry and Spear, 1978) , and two feldspar (Stormer, 1975; Stormer and Whitney, 1977; Haselton et al., 1983) . The locations of metapelite samples (sample KNN5 from the northern part of the biotite zone; sample KSF5E from the southern part of the cordierite zone) used for geothermobarometric analysis are indicated in Figure 7 . Within the biotite zone, plagioclase grains are of albite (An 2−7 ) and oligoclase (An 18−20 ) composition. For two plagioclase grains in the biotite zone that resulted from peristerite unmixing (see Ashworth and Evirgen, 1985) , metamorphic P T conditions cannot be estimated from plagioclase composition. In these cases, we estimated T conditions for the biotite zone using garnet biotite thermometry.
Within the biotite zone, garnet displays normal chemical zoning (sample KNN5; Fig. 10a ), which probably formed during prograde metamorphism (see Spear, 1993) , whereas low spessartine garnet rims probably formed during peak metamorphism. In terms of cordierite zone samples, large garnet grains from sample KSG4 show composite zoning patterns, i.e., normal zoning within the core and reverse zoning within the rim (Fig. 10c) . Reverse zoning in garnet rims has also been observed in the Yanai area (Ikeda, 1993) , and is interpreted to have formed during retrograde metamorphism. As the composite zoning pattern probably formed over the period of prograde metamorphism and subsequent retrograde metamorphism (Okudaira, 1996b) , the spessartine poor parts in between the marginal and central parts of the garnet probably represent conditions close to peak metamorphism.
Small garnet grains from the cordierite zone (sample KSF5E; Fig. 10b ) contain reverse zoning, without any sign of normal zoning in the core. The lowest spessartine content in these garnets is observed at the geometrical center, where the spessartine content is almost the same as that at the boundary between the normal and reverse zoning patterns in garnet from the cordierite zone (sample KSG4; Fig. 10c ). This indicates that the geometrical center of the small garnet grains may have formed during the metamorphic peak. Accordingly, we used data from the low spessartine parts of garnet from samples KNN5 and KSF5E to calculate the peak metamorphic conditions of the biotite zone and cordierite zone, respectively. Ikeda (1991) suggested that low Ti biotite formed synchronously with the formation of reverse zoning in garnet during retrograde metamorphism. In this study, garnet bearing samples from the cordierite zone contain biotite grains that are heterogeneous in composition (Fig.  9a) ; the Ti content of biotite far from garnet is slightly higher than those grains located close to garnet. For the cordierite zone, high Ti biotite that is not in contact with garnet is used for estimating peak P T conditions, as garnet in the cordierite zone shows reverse zoning in the rims. In both the biotite and cordierite zones, plagioclase and muscovite grains show no compositional heterogeneities; accordingly, we use their rim compositions for geothermometry. Mineral chemistries used in these P T calculations are listed in Table 2 .
For the biotite zone, the garnet biotite thermometer yields a T of ~ 470 °C (reference pressure: 200 MPa). The results of P T estimates for the cordierite zone are shown in Figure 11 . Peak metamorphic conditions for the cordierite zone are estimated to be 550 °C at 250 MPa. Our estimates of metamorphic conditions for the biotite and cordierite zones are consistent with those of Okudaira Geology and metamorphic zonation of the Ryoke Metamorphic Belt (1996a) and Ikeda (2004) .
Thermal effects associated with the different types of granitoids
Within Kasado jima Island, biotite granite occurs in the central area, and biotite tonalite occurs in the southern area. These granitoids exhibit different modes of occurrence and petrography. The petrographic characteristics of the biotite granite are similar to those of the San yo Granitoids, which are considered to be shallow level (< 400 MPa) diapiric granites (Nakajima, 1996) . Metapelites from the Iwakuni Yanai district record widespread contact metamorphism associated with intrusion of both the San yo Granitoids and Younger Ryoke Granitoids; the contact metamorphism postdates the youngest phase of Ryoke metamorphism (Nureki, 1974) . The contact areole in the Iwakuni area is divided into four metamorphic zones: H1, H2, R1, and R2 (Nureki, 1974 (Nureki, , 1995 Nureki et al., 1992) . The H1 and H2 zones resulted from intrusion of the San yo Granitoids, and the R1 and R2 zones are associated with intrusion of the Younger Ryoke Granitoids.
On Kasado jima Island, the mineral assemblages in areas close to the biotite granite correspond to those of the H1 zone, which is characterized by sericite + muscovite + biotite + cordierite + plagioclase + quartz. This similarity in assemblages supports the correlation of the biotite granite on Kasado jima Island with the San yo Granitoids. The biotite tonalite on Kasado jima Island can be correlated with the sheet like Older Ryoke Granitoids, which are deep level (> 400 MPa) granitoids. The biotite tonalite shows strong gneissose structure and was emplaced concordantly into metapelites of the cordierite zone. In the cordierite zone of the Yanai area, the widespread distribution of agmatitic migmatite has been reported; this rock type has been named the Tengatake Nagano Migmatite by Okudaira et al. (1993 Okudaira et al. ( , 1995 . The biotite tonalite on Kasado jima Island that shows features of agmatitic migmatite (Fig. 2d ) might well correspond with the Tengatake Nagano Migmatite.
We have proposed that the occurrence of dendritic cordierite porphyroblasts (cordierite II) characterizes the area affected by the thermal perturbation related to the intrusion of the biotite granite. Such porphyroblasts have been reported for many contact aureoles; irregular (dendritic) shaped crystals would have formed at a high degree of supersaturation (e.g., Miyake, 1990; Miyazaki, 2001) . A high degree of supersaturation could have resulted from a large thermal perturbation, as such dendritic cordierite grains are generally observed within contact aureoles. In contrast, cordierite crystals within the cordierite zone (cordierite I) are small, with grainsizes that are similar to those of other matrix forming minerals, and their long axes are aligned parallel to schistosity. Such cordierite crystals may have grown more slowly than dendritic crystals at conditions of a low degree of supersaturation and/or a high strain rate. Biotite tonalite within the cordierite zone shows fluidal structures (Fig. 2c) that are indicative of magmatic submagmatic emplacement (cf., Paterson et al., 1998) ; these structures indicate that the intrusion temperature could have been higher than the solidus temperature of tonalite magma. Country rocks close to the tonalite do not contain cordierite II grains. This implies that the thermal perturbation during intrusion of the biotite tonalite was smaller than that of the biotite granite. This in turn suggests that the biotite tonalite was intruded into hotter (deeper) crust related to a regional low P/high T metamorphism event (cf., Okudaira, 1996a; Miyazaki, 2004) , if deformation effects (strain rate and the magnitude of differential stress) can be ignored.
CONCLUDING REMARKS
From our field survey and petrological investigations of Ryoke metamorphic rocks on Kasado jima Island, we obtained the following findings. Figure 11 . Results of P T estimates (gray area) calculated by geothermometry using compositional data from sample KSF5E from the southern part of the cordierite zone (see Fig. 7 ). Sloping lines are based on the six calculations of Hoish (1990) , and the near vertical lines represent the results of the thermobarometers of Ferry and Spear (1978) , Stormer (1975) , Stormer and Whitney (1977) , and Haselton et al. (1983) , denoted as FS, S, SW, and H, respectively.
The Ryoke metamorphic rocks can be divided into rocks of the biotite and cordierite zones. Metamorphic grade increases toward the south. The peak metamorphic conditions for the biotite and cordierite zones are ~ 470 °C (reference pressure: 200 MPa) and 550 °C at 250 MPa, respectively. The biotite tonalite intruded as a deep seated granitoid related to regional low P/high T metamorphism, whereas the massive biotite granite intruded into metapelites of the central area and resulted in local contact metamorphism subsequent to regional metamorphism.
